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exposure  in  weanlings  (Figure  2, 
A–H). Moderately vacuolated neu-
rons were found in the motor cortex 


































Neuronal localization of Gcdh expression (β-gal). Motor cortex of WT 
(A) and Gcdh–/+ mouse (B) shows positive β-gal (green) staining colo-
calizes (yellow) with neurons (red) in layer V and VI of Gcdh–/+ mouse 
and not WT by immunofluorescence confocal microscopy. CA1 hippo-
campus from WT (C) and Gcdh–/+ mouse (D) shows positive β-gal stain-
ing for Gcdh–/+ mouse neurons only, similar to that found in motor cor-
tex. Arrows indicate color change. (E) Average projection of 10 confocal 
slices through the CA1 hippocampus of a Gcdh–/+ mouse shows no 
β-gal staining in endothelial cells (thin arrow) or astrocytes (red) (thick 
arrows). (F) A single slice through the CA1 hippocampus shows that 
nuclei associated with astrocytes (thick arrows) and endothelial cells 
(thin arrow) do not stain positive for β-gal while large nuclei of neurons 
are positively stained. β-Gal labeling is nuclear due to nuclear localizing 
sequence; see Methods. (A–D) β-Gal, green; NeuN, red; colocalization 
β-gal and NeuN, yellow; and DAPI, blue. Scale bars: 10 μm. (E and F) 
β-Gal, green; GFAP, red; and DAPI, blue. Scale bars: 10 μm.
Figure 
Ultrastructural changes after special diet exposure in Gcdh–/– mice. Electron micrographs of motor cor-
tex from weanling (4w) WT (A and B) and Gcdh–/+ (C and D) mice after 60 hours of protein diet show 
normal appearance including dendritic spines (white arrows) and mitochondria (black arrows). (E–G) 
Similar sections from weanling Gcdh–/– mouse motor cortex after 24 hours of protein diet shows vacu-
olated neuron (E, thick arrows) identified by synapse (E, thin arrow, inset) and peripheral chromatin 
aggregation in the nucleus. (F) A large vacuole is noted (*) adjacent to an edematous dendrite, identi-
fied by synapse (white arrow) with disintegrating mitochondrion (black arrow). (G) Higher magnification 
of section similar to that in F shows postsynaptic (white arrows) swelling with enlarged and disrupted 
mitochondrion (black arrow). (H) Similar section from adult (8w) Gcdh–/– mouse cortex shows vacuole 
formation after 60 hours of protein diet exposure. Scale bars: 1 μm.
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diet exposure in weanling Gcdh–/– mice (Figure 3G). These changes 
were less noticeable in adults after 60 hours (Figure 3H).































by  an  equimolar  increase 




At  8  weeks  of  age,  adult 





brain  lysine  uptake  with 
maturity. Changes in brain 
3-OHGA paralleled  those 
of  glutaric  acid  although 
3-OHGA  concentrations 
were  20-fold  lower  than 







































Neuronal vacuolation after special diet exposure in Gcdh–/– mice. (A) Semi-thin section of WT mouse CA3 hip-
pocampus after 60 hours of protein diet shows normal appearance. (B) Similar section of adult Gcdh–/– mouse 
after 60 hours of protein diet shows a few vacuoles (black arrows). (C) A similar section from a weanling Gcdh–/– 
mouse after 48 hours of protein diet shows multiple vacuoles. (D) Confocal image of a section similar to that 
shown in C labeled with N52, GFAP, and DAPI shows vacuoles surrounded by N52 signal indicating neurofila-
ments (white arrows). (E–H) Acetylcholine transferase–positive neurons in the striatum of a weanling WT mouse 
(E) and weanling Gcdh–/+ mouse (F) after 60 hours of lysine diet exposure show normal appearance. Develop-
ment of vacuoles is prominent within the perikaryon and neuronal processes of a weanling Gcdh–/– mouse (white 
arrows) after 48 hours of lysine diet exposure (G) and less prominent in adult Gcdh–/– mouse after 60 hours (H). 
(D) N52, green; GFAP, red; and DAPI, blue. (E–H) ChAT, red; and DAPI, blue.
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Brain lysine accumulation, ketotic hypoglycemia, and increased glutaric acid levels correlate with age-dependent susceptibility to brain injury in 
weanling Gcdh–/– mice. (A) Serum lysine, brain lysine, and brain glutaric acid levels, (B) serum and brain arginine and alanine levels, and (C) 
serum glucose (Glc) and β-hydroxybutyrate levels in weanling (4w) and adult (8w) Gcdh–/– mice (G–/–) and heterozygous controls (G–/+) on normal 
(ND) or lysine (Lys) diets. Amino acid differences are compared with heterozygous normal diet controls, and brain glutaric acid differences are 
compared with weanling Gcdh–/– normal diet controls. Mean ± SEM, *P < 0.01; **P < 0.001. n = 6 each group. (D) Twelve-day survival of adult 
(black circles, n = 20) and weanling (black diamonds, n = 20) Gcdh–/– mice on the lysine diet. (E) T2 maps (top) and T2-weighted images (bottom) 
of weanling Gcdh–/– mice. Color bar indicates T2 values (right side). Weanlings showed brain swelling, indicated by obliterated ventricles (black 
arrows; compare left with middle and right), and increased subdural fluid collection (red arrows, middle) at 48 hours of lysine diet exposure. At 6 
days, surviving weanlings developed striatal lesions indicated by increased T2 signal (red arrows, right).
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Age-dependent brain biochemical changes with lysine diet exposure. (A) Chromatogram of acyl-CoA esters from brain extract of weanling 
Gcdh–/– mice on normal or lysine diet shows large accumulation of acetyl-CoA (†) and depletion of free CoA (‡) after 48 hours of lysine diet. 
Abs, absorbance. (B) Free CoA, acetyl-CoA, and glutaryl-CoA changes in brain extract of weanling and adult Gcdh–/– mice and heterozygous 
controls on normal or lysine diets. Mean ± SEM, *P < 0.01; **P < 0.001. n = 6 each group. (C) ATP, phosphocreatine (PCr), and α-ketoglutarate 
changes in cortex of weanling and adult Gcdh–/– mice and heterozygous controls on the lysine diet compared with normal diet. Mean ± SEM, 
§P < 0.04; ¶P < 0.02. n = 4 each group. (D) Glutamate, glutamine, and GABA levels in weanling and adult Gcdh–/– mice and heterozygous controls 
on the lysine diet compared with normal diet. Mean ± SEM. n = 6 each group.
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Glutamate, glutamine, and GABA levels measured by 1H NMR 



















Proposed mechanism of mitochondrial dysfunction. Normal 
mitochondrial metabolism involves lysine uptake through 
the ornithine carrier (ORC1) with proton exchange. Lysine 
degradation is initiated by combination with α-ketoglutarate 
(α-KG) to form saccharopine. Dehydrogenation of saccharo-
pine forms glutamate and aminoadipic semialdehyde, which 
is further oxidized to α-ketoadipate. Glutaryl-CoA is then 
formed from oxidation of α-ketoadipate with addition of free 
CoA. GCDH is required for complete oxidation with the for-
mation of acetyl-CoA that can enter the Krebs cycle. GCDH 
deficiency results in disruption of normal lysine breakdown, 
which may cause saccharopine to accumulate and sequester 
α-KG. Alternatively, accumulating free glutaric acid (gluta-
rate) may deplete α-KG levels by a strict counter-exchange 
mechanism via the oxodicarboxylate carrier (ODC) and to a 
lesser extent through the oxoglutarate carrier (OGC) that nor-
mally functions in the malate/aspartate shuttle. Depletion of 
α-KG prevents regeneration of oxaloacetate (OAA) needed to 
combine with acetyl-CoA to form citrate for continued Krebs 
cycle function. Acetyl-CoA is unable to enter the Krebs cycle 
and accumulates. CPTII, carnitine palmitoyltransferase II; 
PDH, pyruvate dehydrogenase.
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Glucose and homoarginine treatments increased survival and reduced brain injury in weanling Gcdh–/– mice on the lysine diet. Twelve-day 
survival of weanling Gcdh–/– mice on the lysine diet alone (black diamonds, n = 30) or mice treated (black squares) with glucose (A, n = 30), 
homoarginine (HA) (B, n = 30), or combined glucose and homoarginine (C, n = 30). (D) Serum lysine, brain lysine, and brain glutaric acid levels 
and (E) serum glucose and β-hydroxybutyrate levels in weanling Gcdh–/– mice on the lysine diet with glucose, homoarginine, or both for 48 hours 
compared with lysine diet alone. Mean ± SEM, *P < 0.01; **P < 0.001. n = 6 each group. (F) T2 maps (top) and T2-weighted images (bottom) of 
weanling Gcdh–/– mice with indicated treatments for 6 days show mild brain injury development in those treated with glucose alone (red arrow). 
Color bar indicates different T2 values (right side).
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Glucose and homoarginine decrease biochemical changes associated with lysine diet exposure. (A) Glutamate, glutamine, and GABA levels 
with indicated treatments in weanling Gcdh–/– mice compared with lysine diet alone at 48 hours. Mean ± SEM, *P < 0.01; **P < 0.001. n = 6 
each group. (B) Free CoA, acetyl-CoA, glutaryl-CoA, and α-ketoglutarate levels in weanlings with indicated treatments compared with lysine 
diet alone. Mean ± SEM. n = 6 each group.
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Glx and GABA depletion detected by 1H NMR spectroscopy correlates with treatment success. (A) Comparison of 1H NMR spectra from wean-
ling Gcdh–/– mice on a normal (left) or lysine diet (middle) or with combined glucose/homoarginine treatment (right) indicates a large decrease 
in the Glx peak (red arrow, center) and a smaller decrease in NAA after 48 hours of lysine diet exposure that was prevented by combined 
treatment (right). Multiple resonance peaks for GABA are not indicated. (B) Glx/Cr ratio, GABA/Cr ratio, and NAA/Cr ratio detected by 1H NMR 
spectroscopy in weanling Gcdh–/– mice on the lysine diet or with indicated treatments. Data are reported as percentage of normal diet control. 
Mean ± SEM, *P < 0.03. n = 4 per group. Lower left panel indicates voxel location used to acquire NMR spectroscopy data.
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Proposed mechanism of susceptibility and effect of treatment. 
Increased lysine accumulation associated with the catabolic state of 
fasting illness or lysine loading results in accumulation of glutaric acid 
in the context of GCDH deficiency. Increased glutarate accumulation 
in the brain and liver leads to Krebs cycle inhibition as proposed in 
Figure 6. In the liver, Krebs cycle inhibition leads to inhibition of gluco-
neogenesis resulting in hypoglycemia. Hypoglycemia stimulates the 
use of alternate energy substrates in the brain including ketone bod-
ies and ketogenic amino acids. Increased brain lysine utilization leads 
to enhanced glutarate accumulation and Krebs cycle inhibition. Krebs 
cycle inhibition in the brain results in depletion of glutamate, GABA, 
and ATP, with subsequent neuronal injury. Homoarginine blocks 
brain lysine uptake and controls glutarate accumulation from the sub-
strate level. Glucose supplementation prevents hypoglycemia and the 
demand for ketone bodies and ketogenic amino acids.
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